Large numbers of gobs are produced as a result of underground longwall mining, and a large amount of these gobs is known to contain methane gas reserves. The efficient drainage of these methane resources is directly dependent on accurately determining the methane enrichment zone (MEZ) in longwall mining gobs. In this study, a method for accurately determining the MEZ within the zone of interconnected fractures, which utilized a surface directional borehole (SDB) technique, was proposed. The SDB was designed and implemented in a longwall gob located in the Sihe Coal Mine in China's Shanxi Province. The trajectory of the SDB constantly varied in the different overlying stratum layers and locations above the gob. The methane flow rate and concentration from the SDB, along with the methane concentration in the upper corner of the longwall face, were monitored and obtained as the longwall face advanced. Then, by analyzing the acquired data of the different horizontal and vertical positions of the SDB, the accurate locations of the MEZ within the zone of interconnected fractures were determined. There were the methane decrease zone (MDZ) and methane shortage zone (MSZ) below and above the MEZ, respectively. The results showed that in the MEZ, both the methane flow rate and concentration displayed slight decreasing trends and maintained high levels as the distance from the roof of the coal seam increased. In the MDZ, a sharp decline was observed in the methane flow rate. However, a relatively high methane concentration had still been maintained. In the MSZ, both the methane flow rate and concentration displayed dramatic fluctuation and relatively low levels. The average methane flow rates in the MEZ were determined to be 1.3 and 1.6 times higher than those in the MDZ and MSZ, respectively.
Introduction
Coal is one of the most important global energy sources and contributes to up to 70% of China's primary energy production and consumption [1] . Underground mines account for 90% of the total amount of coal mines in China, and highly gassy mines share 51% of the total [2] [3] [4] . As a result, a large amount of methane is released in the longwall gobs of these coal mines and then flows into the longwall faces as the mining processes advance [5] . Methane is a dangerously explosive gas, as well as a clean energy resource [6] [7] [8] . The extraction of methane gas from mining gobs not only alleviates the energy shortage issue in China but also serves to prevent the methane purity in the atmosphere of longwall mines from exceeding the recommended safety levels [9] [10] [11] [12] . However, methane extraction effects directly rely on the accurate determinations of the MEZ above the longwall gobs in longwall coal mines [2, 13, 14] .
As the underground working faces advance, the overlying strata form "three zones" in the vertical direction, which are referred to as the caved zone, fractured zone, and continuous zone [15] [16] [17] [18] [19] [20] . Among these three zones, the methane within the gobs is able to flow into the caved zone as well as the lower and middle parts of the fractured zone due to the vertical interconnected fractures within the two zones [19, 21] . Singh and Yadav [22] presented a fractured zone profile induced by coal mining using a viscoelastic model. Das [23] studied the fracture zone divisions of overlying strata by observing and proposing the concept of weighting and caving zone. Qian and Shi [24] proposed the caved zone, the fractured water-inflow zone, and the continuous zone along the vertical direction (from the bottom to the top) in mining gobs. Christopher [25] studied fracture space divisions by dividing the overlying strata into the caving zone, the fracture zone, the dilated zone, and the confined zone. Yuan et al. [26] presented the concept that circular overlying zone existed in a longwall mining panel which could be used for efficient methane extraction. Guo et al. [27] proposed an annular fractured zone for methane drainage by establishing a CFD model based on methane gas drainage conditions. Li et al. [28] studied the distributions of elliptic paraboloid zone using physical simulation experiments and numerical approaches. Gao et al. [29] studied a pear-shaped region around the mining seam using a numerical approach. Qin et al. [30] conducted a research regarding the heights of caved and fractured zones in a longwall panel by employing a CFD numerical method. Qu et al. [31] presented the concepts of the fractured gas-interflow zone, de-stressed gas-desorption zone, and confined gas-adsorption zone based on a conceptual model of overburden rock of a longwall panel. Wang et al. [32, 33] studied the methane flow characteristics of a longwall panel by using building numerical models. Feng et al. [34] studied the methane flow space in abandoned gobs based on physical simulation experiments. However, almost all of these researches related to the MEZ had mainly adopted methods using empire formula, mathematical models, and simulation experiments. The results acquired by these studies contained a variety of assumptions which tended to usually result in some differences from the real field situations. Therefore, in order to achieve more accurate determination results, this study proposed a method which was based on actual MEZ field tests.
In this study, a method which utilized SDB to accurately determine the MEZ within the zone of interconnected fractures was proposed and implemented in the Sihe Coal Mine of China's Shanxi Province. The SDB was designed in a longwall face, and the trajectory of the SDB constantly varied in the different overlying stratum layers and locations above the longwall face. The methane flow rate and concentration from the SDB, as well as the methane concentration in the upper corner of the longwall face, were monitored and obtained as the longwall face advanced. The positions of the MEZ in the zone of interconnected fractures were then accurately determined by analyzing the obtained data.
Description of the Studied Coal Mine
The Sihe Coal Mine is located in the southern marginal part of the Qinshui Coalfield in China's Shanxi Province, as shown in Figure 1 . It has a length of approximately 23 km Figure 2 .
A current working face is situated in the Sihe Coal Mine, and the layout of this working face is shown in Figure 3 . The working face's mining seam was the #3 Coal Seam, and its depth and thickness were about 416.2 m and 6.1 m, respectively. The length of the working face in the direction of the current mining was 1281.5 m, and the incline width was 301.5 m. A longwall mining method had been adopted in the working face, and a "U"-type ventilation system was in place.
Method
In the study area, it was observed that as the working face advanced, the corresponding positions of the SDB continuously varied in both the horizontal and vertical directions. As a result, the gob methane within different positions of the overlying strata above the formed gob could be extracted by the SDB. It was found that both the methane flow rate and concentration displayed major variations during the entire SDB drainage period. Therefore, based on these data variations, the zones with different methane flow rates and concentrations could be successfully determined. Then, the locations of the MEZ within the zone of interconnected fractures could be accurately identified by combining the advancing distances and their corresponding trajectory locations within the overlying strata. Moreover, methane drainage effects were found to directly influence the methane concentration of the upper corner of the working face. Therefore, based on its variations during the entire drainage period, 3 Geofluids the accuracy of this method could be further verified from another aspect.
In this study, based on the abovementioned principle, an SDB was designed and implemented in the studied working face of the Sihe Coal Mine. The trajectories of the SDB along the mining direction and within the overlying strata of the working face are shown in Figures 3 and 4 , respectively. The SDB included a vertical section, build section, and lateral section, and the lateral section was selected as the study part. As shown in Figures 3 and 4 , the study part (lateral section) of the SDB was not parallel to the return roadway. However, its horizontal positions were found to have become gradually closer to the return roadway of the working face as the SDB stretched from its starting position to its ending position. Similarly, the vertical positions of the study part were observed to have become gradually farther away from the coal seam as the SDB stretched from its starting position to its ending position. In detail, the distances between the horizontal positions and the return roadway and the distances between the vertical positions and the coal seam varied from 13.5 to 48.7 m and 10.62 to 55.56 m, respectively. As can be seen in Figure 4 , the study part was located above the coal seam and was 805 m in length. The distance from the SDB end point to the open-off cut of the working face was approximately 138 m. It was observed that the gas began to flow through the SDB when the working face had advanced past its end point by approximately 390 m.
Results and Discussion

Relationship between the Methane Flow Rate and
Concentration and the Advancing Distances. Though the fractures within the caved zone and the lower and middle parts of the fractured zone are interconnected, the methane contents and concentrations of different locations within the zone of interconnected fractures are significant as the mining processes. Based on this, the detailed divisions of the zone of interconnected fractures were achieved by capturing the methane flow rates and concentrations through the SDB over the entire drainage period. Also, the methane concentration of the upper corner in the longwall face was monitored continuously at the same time. The detailed variations in the methane flow rate and concentration as the working face advancement distance increased are shown in Figure 5 .
Based on the obvious differences of methane flow rate and concentration under different locations in the zone of interconnected fractures, the zone boundaries among the different zones were determined. It can be seen in Figure 5 that both the methane flow rate and concentration displayed the highest levels when the advance distance range was approximately 600 to 810 m. The zone with the highest methane flow rate and concentration was considered as the MEZ. In the MEZ, both the methane flow rate and concentration displayed gradual decreasing trends despite some fluctuation. For example, the methane flow rate and concentration had declined from 1,285 m 3 /h to 973 m 3 /h and from 85% to 75%, respectively. The average methane flow rate and concentration in the MEZ were determined to be 1135 m 3 /h and 75.5%, respectively. In addition, there was a dramatic fall (from 1,174 m 3 /h to 476 m 3 /h) in the methane flow rate and a slight decrease (from 90% to 72%) in the methane concentration, when the working face advancement distance ranged between approximately 390 and 600 m. In this study, this zone was referred as the methane decrease zone (MDZ) and was located below the MEZ. The average methane flow rate and concentration in the MDZ were determined to be 906 m 3 /h and 77%, respectively. Furthermore, low methane flow rates and concentrations were observed when the working face advancement distance range was approximately 810 to 1,046 m. This zone was referred to as the methane shortage zone (MSZ) in this study and was located above the MEZ. In 4 Geofluids the MSZ, both the methane flow rate and concentration were found to display dramatic fluctuations and averaged only 710 m 3 /h and 54.5%, respectively. The bulking-factor-controlled caving model was widely used to estimate the height of the caved zone [35, 36] . The height of the caved zone (H c ) depends on the mining thickness (M) and bulking factor (k) and can be expressed as
where 0 ≤ λ ≤ 1 is the sagging coefficient. In the Sihe Coal Mine, the sagging coefficient (λ), bulking factor (k), and mining thickness (M) is 0, 1.20-1.25, and 6.1 m, respectively. Based on equation (1), the height range of the caved zone was calculated to be 24.4 to 30.5 m. Besides, in accordance with the results of previous related studies [37, 38] , the heights of the overburden zones could be expressed and estimated by the following:
where H c and H f represent the heights (m) of the caved zone and the fractured zone, respectively, and M denotes the mining thickness (m). Therefore, based on equation (2) the height range of the caved zone was confirmed to be 22.9 to 32.3 m, which coincides with the result calculated by equation (1). In addition, based on equation (3), the height range of the fractured zone was 60.6 to 83.6 m. Also, the results of previous related studies [28, 34, 39] had revealed that the methane concentrations in the MEZ could be expressed as
where C represents the methane concentration in the MEZ; a is constant; and b represents the height from the floor. Equation (4) indicated that the methane concentration in the MEZ had displayed an exponential growth trend with the increases in the vertical height. Furthermore, the MEZ had been located in the top of the fractured zone in previous studies. However, in this study, a gradual decreasing trend of the methane concentration was observed as the vertical height within the MEZ increased (Figure 6 ), and the MEZ was located below the MSZ and above the MDZ. The determination of the MEZ distribution, as well as the correlation between the methane concentrations and the vertical height, had been achieved using theoretical analysis, simulation experiments, and empirical formula in the previous studies [28, 34, 39] . Also, in the previous studies, the actual conditions had been simplified and the methane enrichment process was not dynamic. Therefore, there was enough time for the methane to rise in the MEZ owing to its low density when compared with the surrounding air under the aforementioned conditions. However, this study found that under the actual conditions in the examined mine, both the working face advancement and the methane drainage processes were continuous, and the fractured zone and MEZ were continuously evolving. It was observed that the methane gas within the gobs potentially did not quickly flow into the top of the fracture in great amounts due to the fact that vertical stress had been recovered and the stratum fractures behind the working face had gradually closed [5, 27, 40] . Instead, most of the methane had flowed into the zone where the stratum fractures were stretched having been induced by the mining activities. Therefore, it was concluded that the MEZ may have been characterized by smaller zone ranges in situ.
The detailed methane concentration variation of the upper corner in the studied working face as the advancement distance of the working face had increased is detailed in Figure 7 . As can be seen in the figure, it was evident that 5 Geofluids the methane concentration in the upper corner was relatively high before the SDB began the drainage process when compared to after the drainage process was in progress. Prior to the SDB beginning the methane gas drainage, the average methane concentration in the upper corner was determined to be 1.06%. In contrast, it was observed to have decreased to 0.60% during the drainage process. The average methane concentrations of the upper corner in the three zones were 0.61%, 0.50%, and 0.73%, respectively, which indicated that methane had been efficiently extracted in the MEZ.
MEZ Distribution.
The location of the MEZ was obtained by analyzing the relationships between the methane flow rate and concentration and the working face advancement distances ( Figure 5) . Then, based on the obtained results, the location of the MEZ could be accurately determined by combining the advancement distances and their corresponding trajectory locations within the overlying strata. Figure 8 illustrates the correlations between the zone divisions and the zone locations. The horizontal and vertical location ranges in which the three zones corresponded were obtained through combining the results shown in Figure 8 The strata located in the central section of the panel tended to be compacted, and the fractures at the edges of the incline direction which were maintained after the development of the overburden rocks were relatively stable in the areas where the mining activities had been implemented. The circle-shape zone near the corners of the panel where the vertical fractures were well-developed and maintained was referred to as the "abscission circle" [30, 41] , as detailed in Figure 9 . Figure 8 illustrates the locations of the three zones above the gob, and Figure 10 shows the schematics of the three zone divisions in the incline profile above the gob. As can be seen in Figures 8 and 10 , the horizontal location of the MEZ was within the abscission circle. However, its vertical location was in the lower part of the fractured zone (rock blocks). In the MEZ, fractures were well-developed and produced considerable gas migration channels which ensured the highest methane extraction effects. The horizontal location of the MDZ was near the return roadway and was also located within the abscission circle. Its vertical location was situated on the borders of the caved and fractured zones. There was found to be an abrupt drop in 6 Geofluids permeability on the borders of the two zones [21] , which caused the methane flow rate to dramatically decline in the MDZ. The MSZ was located in the compacted area in the horizontal direction, and the middle part of the fractured zone (through-going vertical fractures) in the vertical direction. The methane gas flow was therefore reduced in the MSZ due to the poorly developed vertical fractures in this zone. As a result, the methane flow rate and purity were found to be low in the MSZ. Among the three zones, the highest methane flow rate and purity were observed in the MEZ. It was concluded that improved methane drainage effects could be achieved when the lateral section of the SDB, or a high-level suction tunnel, was arranged in the MEZ.
Conclusions
A method for determining the methane enrichment zone (MEZ) within the zone of interconnected fractures of a longwall coal mine was proposed and implemented. In the proposed method, an SDB was designed and implemented in a longwall face located in the Sihe Coal Mine of China's Shanxi
Province. The trajectory of the SDB varied constantly in the different overlying stratum layers and locations above the mine gob. The data regarding the methane flow rate and concentration obtained from the SDB and the methane concentrations in the upper corner as the longwall face advanced were monitored and obtained simultaneously. The MEZ had been accurately determined in the examined mine. In the MEZ, both the methane flow rate and concentration were found to be the highest despite falling slightly as the active mining face distance increased. It was observed that two zones existed below and above the MEZ, which were referred to as the methane decrease zone (MDZ) and the methane shortage zone (MSZ), respectively. Within the MDZ, both the methane flow rate and concentration displayed gradual decreasing trends as the distance of the mining face advancement increased. Within the MSZ, the methane flow rate and concentration were determined to be lowest among the three zones and also had displayed dramatic fluctuation.
Among the three zones, the highest methane flow rate and purity were identified to be found in the MEZ. The methane concentration in the upper corner was found to 7 Geofluids be lower, where a lower methane flow rate and purity were identified. However, the methane concentration in the upper corner was higher in the two other zones. More effective methane drainage was achieved when the lateral section of the SDB, or a high-level suction tunnel, was arranged in the MEZ.
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